Abstract -This paper proposes a new doubly-fed induction generator (DFIG) system using a matrix converter controlled by direct duty ratio pulse-width modulation (DDPWM) scheme. DDPWM is a recently proposed carrier based modulation strategy for matrix converters which employs a triangular carrier and voltage references in a voltage source inverter. By using DDPWM, the matrix converter can directly and effectively generate rotor voltages following the voltage references within the closed control loop. The operation of the proposed DFIG system was verified through computer simulation and experimental works with a hardware simulator of a wind power turbine, which was built using a motor-generator set with vector drive. The simulation and experimental results confirm that a matrix converter with a DDPWM modulation scheme can be effectively applied for a DFIG wind power system.
Introduction
A doubly-fed induction generator (DFIG) was developed for a wind power system with a wide variation of wind speed [1] , [2] . The stator of the DFIG is directly connected to the power grid while its rotor needs to be connected to the power grid through an ac-ac power converter. The DFIG can supply the constant frequency power to the grid without reference to wind speed variation, and can control the power factor at the connection point [3] , [4] .
For an ac-ac power converter, indirect topology such as a back-to-back converter has been widely used to connect the rotor output to the power grid and for converting the low frequency ac power into commercial rated frequency power. However, it is well known that back-to-back converters have relatively high loss due to 2-step power conversion such as ac-dc and dc-ac, their bulky structure and maintenance problems due mainly to the dc-link capacitor. In order to overcome these shortcomings, a direct ac-ac power converter, especially a matrix converter, which can directly convert the ac power from one frequency to another, was considered as a power stage by several researchers [4] - [8] .
The performance of the matrix converter is strictly dependent upon the employed pulse-width modulation (PWM), which will, in turn, dominantly determine the overall system performance. Because of the complexity of control of a matrix converter, however, its practical implementation would be not easy. This might be one of the main reasons why some previous research concentrated on computer simulations to confirm the feasibility of matrix converter application for a DFIG [4] - [6] . At present, some literature reports the actual implementation and experimental results of a DFIG wind power system with a matrix converter that is controlled by a space vector PWM (SVPWM) [6] , [7] . An SVPWM is, however, far from intuitive and requires complicated lookup tables with previously initialized and stored switching patterns [9] .
In this paper, a simple and easy modulation scheme for a matrix converter, the so called direct duty ratio PWM (DDPWM), is applied for the DFIG. When using DDPWM, there is no need to obtain a complicated modeling of the matrix converter as in a SVPWM. The DDPWM controlled matrix converter can directly and effectively generate rotor voltages following the voltage references, which employs a triangular carrier and voltage references as in a conventional voltage source inverter. The operation of the proposed DFIG system was verified through both computer simulation and experimental works with a hardware simulator of a wind power turbine built using a motor-generator set. Fig. 1 shows a circuit configuration including a matrix converter, 3-phase input voltage source, input filter, and DFIG as a load. The matrix converter offers bidirectional power transfer as well as input power factor adjustment. It can directly change the 3-phase ac power to variable voltage variable frequency (VVVF) ac power without a dc link capacitor. The set of bidirectional solid-state switches is the key element in a matrix converter. These switches are gated on or off simultaneously in order to synthesize the desired output voltages. The DDPWM scheme offers an effective way to control a 3-phase matrix converter [10] . For self-completeness, this paper will address the DDPWM as a basic control law to produce the desired three-phase output voltages. Fig. 2 shows a leg configuration, in particular an Aphase leg, to implement a matrix converter, which can be considered as a basic module to explain the DDPWM because the DDPWM was originally developed using the concept of per-output-phase average over one switching period. In Fig. 2 , MX, MD and MN denote the maximum, medium and minimum input phase voltages, respectively as shown in Fig. 3 . There are only two cases, either MX-MD > MD-MN or MX-MD < MD-MN. During T1, the line-to-line voltage between MX and MN is used, which is the maximum line-to-line voltage among three line-to-line input voltages at the sampling instant. During T2, the second maximum line-to-line voltage that is the larger one in MX to MD and MD to MN, is used to obtain the output voltage. If MX-MD > MD-MN, MX to MD is used during T2 and the resultant switching pattern is named switching pattern-I. Otherwise, MD to MN is used during T2, and is named switching pattern-II.
Control of Matrix Converter
The output phase voltage will be changed from MN→ MX→MD for switching pattern-I and MN→MX→MD→ MN for switching pattern-II. The four sub-intervals can be expressed as
where Ts is the switching frequency and n is defined by n =T1/Ts which involves the slope of the carrier. It is found from Fig. 4 that the averaged value of voA, can be approximated by 
The actual gating signals of the bidirectional switches can be directly generated by considering Fig. 2 . If the switching state of phase "A" is MX (or MD, MN), the output phase "A" is connected to the input phase whose voltage is MX (or MD, MN).
It should be noted that, when driving the duty ratio value, d A , in Eq. (3), there was no consideration in the other leg's switching state. This means that the multiple output phases can be separately controlled to follow their references. This fact results in the modular structure of the DDPWM. Therefore, it can be concluded that one can easily produce the duty ratio d x , (x=A,B,C) for each phase in a 3-phase to 3-phase matrix converter with 3-leg (see Fig. 1 ) as given by
where * ox v (x=A,B,C) is the reference output voltages at xphase.
The input current can be synthesized by modifying n. Meanwhile, output voltage synthesis will not be disturbed since n is already included in (2) and (3). Under the condition of the unit power factor, it can be found that n is determined by 
Proposed DFIG System

Operational Principle
Fig . 6 shows a system configuration of the DFIG wind power system with a matrix converter as described in this paper. The stator windings of the DFIG will be connected to the power grid through the circuit breaker when the mechanical power supplied by the blade is large enough. On the other hand, the stator windings will be disconnected to the power grid if the generated mechanical power is not large enough. The rotor windings are connected to the power grid through the matrix converter. Other parts in Fig. 6 are used for control purposes and will be discussed in detail later.
When the slip is larger than zero or the rotor speed is lower than the synchronous speed, the blade power is only transmitted to the grid through the stator and some part of the blade power is consumed in the rotor. So, the difference between blade power and rotor power is actually transmitted to the grid. On the other hand, when the slip is smaller than zero or the rotor speed is higher than the synchronous speed, the blade power is transferred to the grid through both the stator and the rotor. 
System Modeling
Defining the wind speed to be V wind and the blade radius to be R blade , the blade power P blade is described by equation (6) . where, ω blade is blade angular velocity.
The torque supplied from the blade to the generator, T blade , can be described in Eq. (8) . 
where, the q axis is in the direction of V a . In Eq. (9) the superscript g means the reference system. g can be replaced by S for a static reference system and by e for a synchronous reference system. Subscript d and q means d-and q-axis and subscript s and r means stator and rotor, respectively. V x , r x , i x , λ x and ω r mean voltage, resistance, current, flux and electrical angular velocity, respectively. ω should be replaced according to the reference system. For the static reference system = ω and for the synchronous reference system, ω=ω e .
The stator and rotor flux of the induction machine are proportional to the production of impedance and current as shown in Eq. (10) . 
where, L m , L s and L r are magnetizing inductance, stator inductance and rotor inductance, respectively.
The torque of the induction machine means the mechanical power generated or consumed, which can be expressed by Eq. (11) using stator and rotor currents. 
The active power and reactive power for the stator are defined in Equations (12) 
The active power and reactive power for the rotor are defined in Equations (14) and (15) 
The induced stator fluxes determined by (10) can be calculated using the sensed stator currents and the grid voltages.
These values, λ ds s and λ qs s , are then transferred to λ ds e and λ qs e in a synchronous reference system. Fig. 7 shows a detailed configuration of the system controller for the proposed DFIG system. It is assumed that the grid side is assigned to the input side of the matrix converter and the rotor side is assigned to the output side.
The maximum power can be extracted when the µ has a maximum value. So, the reference rotor speed ω * rpm at the maximum power point is expressed in Eq. (16) 
Simulation
Many computer simulations with PSCAD/EMTDC software were carried out to confirm the operation of the DFIG and matrix converter with the proposed modulation scheme. The DFIG wind power system is represented by a wind turbine model and wound-rotor induction generator, of which the rotor is connected to the power grid through the matrix converter operating with the proposed modulation scheme. The controller is represented by a user-defined model with C language. Table 1 contains the major parameters used in simulations. It can be shown that the stator power P stator is always greater than zero, which means the generated active power flows from the stator to the grid. However, whether the rotor receives or sends the active power to the grid will depend on slip. When the rotor speed is lower than the synchronous speed, the stator supplies power to the grid and the rotor absorbs power from the grid. The difference between the stator power and rotor power is supplied to the grid. As shown in the graphs, the rotor power P rotor is smaller than zero while the rotor speed ω rpm is below the synchronous speed. On the contrary, the rotor power P rotor will be positive while the rotor speed ω rpm is greater than the synchronous speed. Finally, it can be verified that the total power sent to the grid will always be positive. Fig. 9 shows the simulation results of rotor current, stator voltage, and rotor power with respect to the rotor speed ω rpm . In Fig. 9(a) , the frequency of rotor current at ω rpm =900 rpm is about 15 Hz. The magnitude of rotor current will be determined by generator torque. It is clear that the rotor consumes about 400 W of active power from the grid at ω rpm =900 rpm. In Fig. 9(b) , the frequency of rotor current at ω rpm =1200 rpm is almost zero because the slip is zero. Resultantly, the rotor current implies dc value. However, the active power is below zero because of generator loss. In Fig. 9(c) , the frequency of rotor current at ω rpm =1400 rpm, is about 10 Hz. The rotor supplies active power to the grid. 
Experiment
A hardware simulator for the wind power system was built using a squirrel-cage induction motor with a vector drive and a wound-rotor induction generator with a matrix converter. The mechanical characteristic of the wind turbine is simulated using a squirrel-cage induction motor with a vector drive. The DFIG wind power system is simulated using a wound-rotor induction generator and matrix converter with the proposed modulation scheme. Fig. 10 shows a picture of the wind power simulator built in the lab. The squirrel-cage induction motor with a vector drive and the wound-rotor induction generator are built in a test bed. The matrix converter and DSP controller are built in a separate panel. The controller for the matrix converter is built with a 32bit Floating-Point DSP, the TMS320VC33. Table 2 shows the major circuit parameters of the hardware simulator used in the experimental works. A transformer rated 110/220V is connected between the input side of the matrix converter and the grid for voltage matching. Fig . 11 shows the experimental results using the scaled hardware simulator. The stator power, rotor power, rotor current, and stator voltage were measured in the cases of the rotor speed of 900 rpm, 1200 rpm, and 1400 rpm, respectively. Fig. 11(a) shows that when the rotor speed is 900 rpm, the stator supplies active power to the grid and the rotor consumes the active power. But the total power obtained from the blade to the grid is positive. The stator voltage is maintained the same as the grid voltage and the rotor current is of low frequency ac waveform proportional to the slip. Fig. 11(b) shows that when the rotor speed is 1200 rpm, the stator sends power to the grid and the rotor active power is not exactly zero, but a small negative value, which is due to the generator loss and converter switching loss. However, the total power received from the blade to the grid is positive. The stator voltage is maintained the same as the grid voltage, and the rotor current shows dc value because the slip is zero. Fig. 11(c) shows that when the rotor speed is 1400 rpm, both the stator and rotor send active power to gird. The stator voltage is maintained the same as the grid voltage and the rotor current shows low frequency AC waveform proportional to the slip. 
Conclusion
In this paper, a simple and effective modulation scheme for a matrix converter, a so called DDPWM, is applied for the DFIG wind power system. Compared to the SVPWM widely used in matrix converters, a DDPWM does not require a complicated modeling of the matrix converter, which means that there is no need to previously initialize complicated lookup tables and store switching patterns with a large amount of memory. The DDPWM controlled matrix converter can directly and effectively generate the rotor voltages following the voltage references, which employs a triangular carrier and such voltage references. The operation of the proposed DFIG wind power system was verified through computer simulations with PSCAD/EMTDC software. The feasibility of hardware implementation was confirmed by experimental works with a hardware simulator of a DFIG wind power system with real wind data. The simulation and experimental results confirm that the matrix converter with the proposed modulation scheme can be effectively applied for the DFIG wind power system.
